Cardiac output is frequently measured to assess patient hemodynamic status in the
INTRODUCTION
Cardiac output (CO) measurements are routinely used to monitor the cardiovascular system and assess the therapeutic response of critically ill patients. Traditional measurement techniques include the Fick, dye-dilution and thermodilution techniques (5) (6) (7) (8) 12, 25, 28) . For various reasons, the Fick and dye-dilution methods do not lend themselves to repeated CO measurements in most clinical situations. Since the advent of the Swan-Ganz R multilumin, flow directed, thermodilution catheter (American Edwards Laboratories, Santa Ana, CA) and associated computer, thermodilution has become the most popular technique for intraoperative assessment of CO (9, 10) .
Thermodilution CO measurement using a flow directed catheter involves guiding the catheter into a large vein, typically the right internal jugular, through the right heart and into the pulmonary artery (PA). The catheter is advanced until the tip resides in a branch of the PA. A bolus of liquid, typically 5 to 10 cc of iced normal saline, is injected through the proximal lumen of the catheter and into the right atrium. The resultant temperature of the blood-saline mixture is measured as a thermodilution curve by a thermistor located on the tip of the catheter. This temperature measurement serves as an input to a computer which derives a value for CO (6) .
The flow directed thermal dilution catheter allows the clinician to easily make repeated CO determinations intraoperatively or in the intensive care unit. Insertion of the catheter is well tolerated by most patients. Once the catheter is positioned, CO determinations can be repeated in rapid succession. Also, blood pressure measurement capability (central venous, PA, pulmonary capillary wedge) of the catheter allows the clinician to more clearly monitor the hemodynamic status of the patient (6) . The CO computer required with the catheter is portable and easily located at the patient's bedside.
Despite the advantages of CO measurement using a flow directed thermodilution catheter, there are several problems associated with the technique. Insertion of the catheter and required passage through the heart is not without risk (6) . Also, the required injection of fluid increases the risk of infection, air embolization and fluid imbalance. Accuracy of thermodilution CO measurements are also variable. Several investigators have shown good correlation between simultaneously determined Fick and thermodilution CO (26, 29, 30, 32) , while other have shown errors as large as 20% (26) . The variability in accuracy of thermodilution CO has been attributed to variation in injection technique, incomplete mixing of blood and injectate in the right heart, and "loss of indicator" as the injectate gains heat while being handled, and while flowing through the catheter lumen. Although "loss of indicator" has been shown to produce errors ranging from 3 to 12% (21, 27, 33) , it is at least partially accounted for in most CO computers.
Additional drawbacks of thermodilution CO measurements include intermittent rather than continuous measurement, and the time required for the clinician to obtain multiple (6, 8, 12) sequential CO determinations.
A more ideal CO measurement system would eliminate indicator injection, provide continuous readout of CO and derived cardiovascular variables (cardiac index, stroke volume, etc.) and minimize intervention by the clinician. There have been numerous investigations involving the development of more ideal CO measurement techniques (1, 11, 13, (16) (17) (18) 20, (22) (23) (24) 31) . One such technique involves continuous intravascular heating of the flowing blood coupled with the synchronous detection of the resulting thermal signal.
Continuous intravascular heating was first introduced by Khalil in 1963 and 1966 (16,17) . He applied a specified amount of heat to the blood using high frequency current. A heating coil was wound on a catheter and placed in the right atrium. The mea'il rise in temperature of the blood, ranging from 0.02 to 0.08 ~ was measured using a resistance thermometer and found to be inversely proportional to CO.
In 1970, Barankay et al.
(1) introduced a method of impulse heating and therm-istor recording of blood temperature. A temperature increase was induced by pulsing a heating coil located in the right atrium, for 0.7 to 1.5 s with a DC current. The resultant rise in blood temperature was again found to be inversely proportional to CO. The techniques introduced by Khalil and Barankay are adversely affected by background thermal noise. In mechanically ventilated (MV) humans the thermal noise consists of large peaks at DC, and at the fundamental frequency of ventilation and its harmonics (18) . The large DC noise component makes recovery of equilibrium thermal signals, such as Khalil's, difficult. Also, Barankay's impulse technique which requires recovery of thermal signals at a variety of frequencies is more difficult due to the presence of strong noise peaks.
More recently, Newbower et al. (20) and Philip et al. (23, 24) have developed improved techniques for continuous measurement of CO. They have described continuous thermodilution techniques involving square wave and sinusoidal heating in the right heart at precise frequencies, and recording of blood temperature variations with thermistors located in the pulmonary artery. By selectively filtering and amplifying the blood temperature signal, a continuous thermal signal was extracted and equated to CO.
Despite the recent success of Newbower et al., several problems still limit the general usefulness of a continuous thermodilution CO technique. Perhaps the greatest problem relates to the magnitude of background thermal noise in both MV and spontaneously breathing patients. In MV patients thermal noise consists of a few large peaks at the ventilation frequency and its harmonics with quiet valleys present between these peaks (18) . The area of minimal noise is located between approximately 0.01 Hz and 0.1 Hz. The noise spectrum in spontaneously breathing (SB) patients is uniformly higher, with no discernible respiratory peaks. However, the magnitude of thermal noise results in a small signal-to-noise ratio, making recovery of the thermal signal difficult.
The small signal-to-noise ratio exists because of required limits on the surface temperature of the heating device. Surface temperature of an intravascular heater must not be raised more than 5 to 10 ~ above ambient blood temperature to avoid red blood cell and tissue damage. An improvement in the signal to noise ratio can be achieved by heating and filtering at a precise frequency located in a low noise region in the MV patient (20, 23, 24) . However, in the spontaneously breathing patient, more input signal would be needed in order to successfully recover continuous thermal signals.
A second major problem with the technique results from the thermal capacitance of the right ventricle. As indicated by Philip et al., thermal signal magnitude is a function of flow only for very low frequencies (23) . Thermal signal attenuation results with increasing frequency. To avoid this problem, they employed a fundamental frequency of 0.02 Hz. With this frequency the minimum time to determine a new CO value would be approximately 50 sec, with longer times required in the presence of increased thermal noise.
In our study, we investigated a new technique for improving the magnitude and quality of thermal signals used for continuous CO measurement. The technique consisted of alternately applying heating and cooling energy to a flowing stream in vitro and synchronously measuring the thermal signal with a fast responding thermistor (FRT) having a time constant of less than 50 msec. Continuous heating and cooling has the advantage that greater thermal energy can be imparted to the blood without risking cell or tissue damage. This would improve the signal to noise ratio (SNR) and increase reliability of the CO measurement.
Additionally, we investigated the possibility of continuously measuring ejection fraction (EF). The use of indicator dilution techniques to measure residual volumes and EF was described as early as 1956 (14) . The technique is based on conservation of energy and the ability to measure the temperature of blood ejected from the ventricle. Early success of the technique was hampered by the slow response of mounted thermistors (> 300 msec). In recent years, improvements in thermistor technology have decreased the time response of mounted thermistors to less than 50 msec. With an FRT, temperature plateaus representing diastole, appear on the descending slope of a thermodilution curve (Fig. 1) . Magnitudes of the plateaus, C1, C2, and C3, are the temperature differences between baseline blood temperature and consecutive diastoles. Ratios of the magnitudes are used to calculate mean residual fraction (RF) and EF (2, 14) . We hypothesize that combining continuous heating and cooling with an FRT, consecutive ejected temperature plateaus can be measured continuously.
METHODS
In vitro testing of the heating/cooling technique was accomplished using a flow bench to simulate the cardiovascular system (Fig. 2) . Water temperature was maintained at 37 + 0.5 ~ using a temperature controlled water bath. Mechanical pumping activity was provided by a single ventricle, pulsatile pump (Army Pulsate Blood Pump, Model 2, Harry Diamond Laboratories). Ventricular volume was 200 milliliters. System flow was calibrated using an indwelling flow directed thermodilution catheter, and CO computer (Model SP 1435, Gould, Inc., Oxnard, CA).
Thermal energy was applied to and removed from the flow stream using a thermoelectric module (TEM). A TEM is a solid state thermocouple having multiple junctions of N-type and P-type semiconductor material. Heat absorbed at the cold junction of the module is pumped to the hot junction at a rate proportional to the DC carrier current and the number of junctions. By changing the direction of the carrier current, the direction that heat is pumped through the module can be controlled.
One surface of the TEM (Model FCO 6-66-05L, Melcor, Inc., Trenton, N J) was placed in contact with the flow stream using a plexiglass enclosure (Fig. 3) . Area of the TEM in contact with the flow stream was 1.29 cm 2. The second surface of the TEM was placed in contact with an aluminum heat sink and exposed to ambient air at 22 + 2 ~ A variable power supply and switching circuit were used to control input power, input frequency, and current direction.
Temperature modulation of the flow stream (thermal signal) was measured using a glass thermistor (Model P 20, Thermometrics, Inc., Edison, N J) incorporated into a calibrated DC Wheatstone Bridge circuit (Fig. 4) . Thermistor time constant was 18 msec. Thermal signals were recorded on a strip chart recorder having a calibrated output of 1.0 millidegree centigrade (m ~ per division.
Trial runs, covering 6 power levels, 4 input frequencies (square wave) and 3 flow rates were performed. Each trial consisted of recording the thermal signal over 21 cycles of input frequency. Power levels used were 5. 1.75, 2.50, and 3.00 L/min. Noise threshold determinations were made by reducing input power until the thermal signal was not discernible.
To test repeatability of thermal signal amplitude produced by preset measurement conditions, three sets of conditions, encompassing the range of flow rates, power levels, and frequencies used in the protocol, were chosen. For each set of conditions, seven trials (each trial consisted of recording thermal signal over 21 cycles of input frequency) were randomly repeated over time. The mean and standard deviation of thermal signal amplitude for each set of conditions was calculated over 147 cycles of input frequency.
Prior to performing the trial runs, performance of the TEM was assessed by measuring surface temperatures for each flow rate, power level, and input frequency. Measurements were made with an indwelling temperature probe (Model P6430, Tektronix, Inc., Beaverton, OR) advanced to the surface of the module.
RESULTS
Continuous heating and cooling of the flow stream produced a cyclic variation in flow stream temperature with thermal signal frequency equal to input frequency. Thermoelectric module surface temperature varied with input power, frequency, and flow rate. An example of the excitation signal to the TEM, TEM surface temperature and thermal signal are shown in Fig. 5 . Thermoelectric module surface temperature data at 1.75 L/min are shown in Fig. 6 . The largest surface temperature excursion (hot and cold difference), 10.1 ~ occurred at the highest power, lowest frequency, and lowest flow rate (5.11 W, 0.05 Hz, and 1.75 L/min, respectively). This produced 7.0 ~ of heating and 3.1 ~ of cooling. At 2.5 and 3.0 L/min, maximum surface temperature excursions were 7.7 ~ and 6.1 ~ respectively. Figures 7 and 8 show the relationship between peak-to-peak thermal signal, input power, input frequency and flow. Figure 9 shows the relationship between peak-topeak thermal signal and flow rate at 5.11W. At all flow rates, maximum thermal sig- Results of thermal signal repeatability are summarized in Table 1 . As indicated, standard deviation of the thermal signal ranged from _+ 0.74 to + 1.53 m ~ Consecutive ejected temperature plateaus corresponding to ventricular contraction were measured. In general, they were detectable when the peak-to-peak signal magnitude was greater than 22 m ~ and when the input frequency was 0.05 or 0.10 Hz.
As shown in Fig. 10 , there is a similarity between bolus plateaus (made with a 5 cc injection of 0.0 ~ saline into the pulsatile pump) and plateaus observed on the continuous waveforms. We verified that the plateaus corresponded to the contraction of the ventricle by measuring the pressure change within the system and verifying the simultaneous occurrence of a pulsatile pressure change and a temperature plateau. Also, we verified the absence of any transient temperature change in the flow corresponding to ventricular contraction with zero input signal. The plateaus were present only on the descending slope of the continuous signal, which is the transition from cooling to heating. Table 2 shows the results of ejection fraction calculations made from the continuous thermal signal and from a bolus injection. Example calculations from a bolus injection and a continuous thermal signal are shown in Figs. 1 and 11 , respectively.
DISCUSSION
Current research aimed at providing a CO measurement system using continuous heating and thermal signal detection have been plagued by background thermal noise and small signal-to-noise ratios (20, 23, 24) . The technique investigated here consisted of alternately applying cooling and heating energy in vitro to a flowstream simulating the cardiovascular system. The extraction of thermal energy (cooling) was studied primarily as a means for improving thermal signal quality. Because cooling of blood is inherently safer than heating, greater thermal energy can be imparted without risking cell or tissue damage. This in turn would improve thermal signal magnitude, signal to noise ratios, and the reliability of continuous CO measurements.
To determine the effectiveness of heating and cooling for recovering thermal sig- Success of the heating/cooling technique can be judged by comparing signal magnitudes to those obtained with continuous sinusoidal heating using similar signal parameters. Comparison of the techniques is summarized in Table 3 . As shown, there is no significant difference between techniques with 1.99 W of heating/cooling. However, with 5.11 W, the heating/cooling thermal signal was approximately 12 m ~ greater than the continuous heating signal. Based on this, we would expect the heating/cooling technique to provide better results than the continuous heating technique in an MW patient. However, as with a continuous heating technique, the useful range in vivo in an SB patient is still limited by thermal noise.
The limiting factor in the success of the technique was the inability to extract greater amounts of thermal energy from the flow stream. The TEM was not as efficient in extracting thermal energy from the flow stream as it was at heating, possibly due to warming of the module due to inherent losses. The energy removed from the flow stream was passively expelled to ambient air. A more active method of expelling the heat would have improved the overall efficiency of the device.
Significant questions still remain about the use of a TEM in vivo. Because the TEM is a solid state heat pump, thermal energy extracted from the circulating blood would be "pumped" to the opposite junction of the device. Returning this energy to the blood could produce thermal injury to red blood cells and tissue, and, perhaps would negate any temperature modulation of the blood depending on where the energy was returned. Alternatively this energy could be temporarily stored and returned to the active side of the TEM when the heating/cooling cycle was reversed. Another potential solution would be to expel the energy external to the circulating blood volume. This would require placing one junction of the TEM on the indwelling catheter, with conductors leading to the second junction located outside the body. In any case the physical limitations of constructing an in vivo TEM device would require a reduction in the size of currently available devices without degrading performance. One important finding from our investigation is that temperature plateaus can be detected on a continuous thermal signal (Fig. 10 ). Plateaus were detected at frequencies of 0.05 and 0.10 Hz, with thermal signal greater than 22 m ~ We also found that plateaus were present only on the descending slope of the thermal signal, which is the transition from cooling to heating. This was probably caused by asymmetry of surface temperatures above and below ambient flow temperature.
Since the plateaus were limited to thermal signals greater than 22 m ~ measurement of ejection fraction in vivo will be limited. With 5.11 W and 0.05 Hz, signal magnitudes would be less than 22 m ~ for cardiac outputs greater than approximately 5 L/min in the MV patient. Continuous ejection fraction measurement would not be possible in the SB patient unless greater signal to noise ratio is realized.
These conclusions should be tempered with the realization that our experimental set-up did not produce ejection fraction in the normal range for humans. Ejection fraction in our system calculated with a bolus injection was 5.0% at 1.75 L/min. Had the ventricle produced a greater ejection fraction, the temperature difference between consecutive plateaus would have been greater yielding more accurate measurements.
The method of calculating ejection fraction from a continuous thermal signal must also be considered. Calculation of ejection fraction from a bolus thermodilution curve is based upon heat energy equations (14) requiring quantification of thermal plateaus against a baseline blood temperature. During continuous heating and cooling, a baseline temperature is not easily determined. One technique is to extrapolate the descending slope of a continuous thermal signal to a baseline temperature (Fig.  11) . The formulas for bolus ejection fraction (Fig. 1) can then be used. This technique was tried on several waveforms and compared to ejection fraction obtained for the experimental setup using a bolus injection ( Table 2 ). The results indicate good correlation with larger thermal signals but increasing error as the thermal signal decreased in magnitude. For this technique to be viable, large thermal signals must be obtained, along with an algorithm to provide accurate curve extrapolation.
A second technique is to establish a reference baseline temperature and calibrate the system with a bolus injection. Using the resulting calibration factor, the system could track ejection fraction continuously. This technique would require a linear relationship between thermodilution ejection fraction and continuous ejection fraction. Also, any errors introduced by the initial calibration would affect subsequent calculations.
In summary, we demonstrated that continuous heating and cooling allows greater input energy which produces increased thermal signal magnitude and facilitates the detection of temperature plateaus in the continuous thermal signal. However, the increase was not sufficient to allow for recording in all patients over the expected normal range of CO. Further study of heating/cooling devices is needed to identify a device(s) capable of producing greater cooling temperatures.
